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Abstract
Glacial erosion patterns on northwest Iccliind are quantified using a Geographic Information System (GIS) in
order to interpret subglacial characteristics of part of northwest Iceland affected by ice sheet glaciation. Ice
scour lake density is used as a proxy for glacial erosion. Erosion classes are interpreted from variations in the
density of lake basins. Lake density was calculated using two dilTerent methods: the first is sensitive to the
total number of lakes in a specific area, and the second is sensitive to total lake area in a specific area. Both of
these methods result in a value for lake density, and the results for lake density calculated using the two
methods are similar. Areas with the highest density of lakes are interpreted as areas with the most intense
erosion with the exception of alpine regions. The highest density of lakes in the study area exceeds 8% and is
located on upland plateaus where mean elevations range from 400 to 800 m a.s.l. Low lake density (0-2%) is
observed in steep alpine areas where steep topography does not favor lake development. The G!S analysis is
combined with geomorphic mapping to provide ground truth for the GIS interpretations and to locate paleo-
ice flow indicators and landforms. The patterns identified in this study illustrate distinct regions of glacial
erosion and flow paths that are best explained by two independent ice sheets covering northwest Iceland
during the Last Glacial Maximum (LGM). Areas of alpine glacial landforms and the presence of nunataks
within the glaciated region support interpretations that Ice-free regions or cold-based ice cover existed on
parts of northwest Iceland during the LGM. The methods developed in this study are easily transferable to
other formerly glaciated regions and provide tools to evaluate subglacial properties of former ice sheets. The
data generated yield important subglacial boundary conditions for ice sheet models of Iceland.
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Abstract
Glacial erosion patterns on northwest Iccliind are quantified using a Geographic
Information System (GIS) in order to interpret subglacial characteristics of part of
northwest Iceland affected by ice sheet glaciation. Ice scour lake density is used as a
proxy for glacial erosion. Erosion classes are interpreted from variations in the
density of lake basins. Lake density was calculated using two dilTerent methods: the
first is sensitive to the total number of lakes in a specific area, and the second is
sensitive to total lake area in a specific area. Both of these methods result in a value
for lake density, and the results for lake density calculated using the two methods are
similar. Areas with the highest density of lakes are interpreted as areas with the most
intense erosion with the exception of alpine regions. The highest density of lakes in
the study area exceeds 8% and is located on upland plateaus where mean elevations
range from 400 to 800 m a.s.l. Low lake density (0-2%) is observed in steep alpine
areas where steep topography does not favor lake development. The G!S analysis is
combined with geomorphic mapping to provide ground truth for the GIS
interpretations and to locate paleo-ice flow indicators and landforms. The patterns
identified in this study illustrate distinct regions of glacial erosion and flow paths that
are best explained by two independent ice sheets covering northwest Iceland during
the Last Glacial Maximum (LGM). Areas of alpine glacial landforms and the
presence of nunataks within the glaciated region support interpretations that Ice-free
regions or cold-based ice cover existed on parts of northwest Iceland during the
LGM. The methods developed in this study are easily transferable to other formerly
glaciated regions and provide tools to evaluate subglacial properties of former ice
sheets. The data generated yield important subglacial boundary conditions for ice
sheet models of Iceland.
DOI: 10.1657/1938-4246(07-065)[PRINCIPATO]2.0.CO;2
Introduction
The location of Iceland in the central North Atlantic Ocean
makes its climate sensitive to changes in oceanic and atmospheric
circulation (Malmberg, 1969. 1985: Ruddiman and Mclntyre,
1981: Boulton. 1986; Stotter et al., 1999; Eiriksson et at., 2000;
Bradwell et al., 2006), and glaciers on Iceland respond rapidly to
fluctuations in climate (Elliot et al.. 1998). Evidence from marine
sediment cores and seismic studies indicates that the outer margins
of the Icelandic ice sheet were offshore around much of the island
during the last global glacial maximum {LGM) (Olafsdóttir, 1975;
Egloff and Johnson. 1979; Boulton et al., 1988; Syvitski et al.,
1999; Andrews et al., 2000, 2002; Geirsdóttir et al.. 2002; Andrews
and Hetgadóttir. 2003: Andrews, 2005; Principato et al., 2005).
However, discrepancies between different ice reconstructions of
the Icelandic ice sheet exist, ranging from extensive glaciation with
no ice-free areas (Larusson, 1983; Buckland and Dugmore, 1991)
to a refugia model with ice-free areas on the high plateaus and
vascular plants surviving glaciation (Hoppe, 1982; Einarsson and
Albertsson, 1988; Ingólfsson. 1991). it is also commonly assumed
that two independent ice sheets were present on Iceland during the
LGM, one covering the mainland and one covering VestfirÔir, the
northwest peninsula of Iceland (Hopf)c, 1982; Norödahl, 1991),
but this assumption has not been tested. Ice streams and ice
divides have been proposed for the Icelandic ice sheet during the
LGM (Bourgeois et al., 1998, 2000; Hubbard et al.. 2006), but the
patterns of glacial erosion have not been closely examined.
Understanding and quantifying patterns of glacial erosion
and ice scour features provides information regarding past ice
sheet dynamics and facilitates the reconstruction of former ice
sheets (e.g.. Sugden, 1978; Andrews et ai.. 1985: Rea et al.. 1998;
Marshall et al.. 2000; Kaplan et al.. 2001: Li et al., 2005: Harbor et
al.. 2006). Boundaries between glacially scoured landscapes and
non-scoured areas generally represent a change in basal thermal
regime, and the density of lake basins has been used as a proxy for
glacial scour in studies of the Laurentide. Fennoscandian. and
British Ice Sheets (Sugden, 1978; Andrews et at., 1985: Rea et al.,
1998). Cosmogenic nuclide evidence is also commonly used to
determine rates of erosion and timing of glacial landform
development (e.g., Kaplan et al.. 2001: Fabel et al., 2002; Briner
et al., 2003. 2005: Li et al.. 2005: Harbor et al.. 2006). Accurately
reconstructing patterns of gtaciat erosion and basal thermat regime
provide important boundary conditions for glaciological models,
as flow rates and bed deformation are related to bed conditions.
The application of a Geographic Information System (GIS) has
been used in a variety of glacial geology studies, but most focus on
glacier inventories and reconstructions of ice sheets (i.e., Batascio
et at., 2005: Greenwood et al. 2007: Schneider et al., 2007). The
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utility of GIS in glacial geomorphology studies linked with ice
sheet modeling w:is recently demonstrated in Li et a!. (2007) and
Napieralski et al. (2007) where the corrclalion between field data
(striations and/or moraines) and the results of ice sheet models
were quantified.
The purpose of this study is to use GIS to quantify the glacial
erosion patterns that are thought to result primarily from shifts in
basal thermal regime of the ice sheet covering the northwest region
of Iceland (Fig. I). Although other crosional processes such as
mass movements and large rock slope failure occur on northwest
Iceland in steep alpine areas, we focus our analysis on ice scour
lakes in order to interpret subglacial eharaeteristies of the ice
sheet. Close examination of basal ice scour features on northwest
Iceland will provide an opportunity to evaluate the proposed ice
sheet configuration, including ice streams and ice divides, during
the LGM (Norödahl. 199!; Bourgeois et al, 1998, 2000; Hubbard
et al.. 2006). These data will be used to evaluate the possibility that
two independent ice sheets covered northwest Iceland during the
LGM. A new technique for quantifying glacial erosion using GIS
has been developed, and ihis technique simplifies the analysis of
the combination of variables such as the location of lake basins,
topography, and geomorphic features documented from field
mapping.
Origin of Lake Basins
One of the primary assumptions of this study is that the lake
basins are created by ice scour. This interpretation is justified
based on field and aerial photograph evidence and by eliminating
other possible causes for the origin of the lakes. In several
locations in the field, scouring to bedrock was verified, and on the
upland plateau on Vestfirôir striaiions were measured adjacent to
lake basins (Principato and Johnson. 2005; Principato et al., 2006).
U was not feasible to visit all lake basins, and aerial photographs
were used to examine the morphology of the landscape in sites that
could nol be visited in the field. The GIS analysis makes
extrapolations based on several sites where ground truthing
verifies our interpretations. Detailed geomorphic mapping by
Kaldal (1978) and Vikingsson (197S) also documents numerous
striaiions on other regions of the study area, providing further
credibility to our extrapolations and interpretations of ice scoured
bedrock in the study area. Other possible causes for the origin of
lake basins, such as moraine dammed lakes and kettle ponds, arc
eliminated because there are no moraines damming the lakes and
minimal or no glacial drift is present adjacent to the lakes. (The
only e.\ception to this is on the Skagi Peninsula, which will be
discussed later in ihe manuscript.) Lakes in the study area are also
clearly not rift basin lakes because they show no preferred
orientation or elongation with the current (or former) rift zone in
Iceland. In addition to these justifications that the lakes arc
created by ice scour, we also compare the lakes in this study with
ice scour lakes documented and quantified in other studies in the
Arctic (i.e. Sugden, 1978; Andrews ct al., 1985; Rca et al„ 1998).
Despite differences in bedrock geology and geography for each
study, ice scour lakes are clearly present in many locations in the
Arctic (i.e. Sugden, 1978; Andrews ct al.. 1985; Rca ct al., 1998),
Regional Setting
The study area is located on northwest Iceland, north of ihe
Sn^fellsncss Peninsula and west of Trollaskagi (Fig. 1). The study
area is subdivided into three regions based on géographie location
and topography: VestfirÔir, Skagi. and the northwest mainland of
Iceland (abbreviated as mainland).
VESTFIRDIR
VestfirÔir is connected to the mainland through a neck that is
less than 20 km wide. At least 30 fjords are carved into VestfirÔir,
the largest of which is ísaíjaroardjúp. isaljarôardjùp dissects the
center of VestfirÔir and probably contained an ice stream during
the LGM (Bourgeois et al.. 1998; 2000; Andrews et al.. 2002:
Gcirsdóttir et al., 2002). The Ijords and valleys on VestfirÔir lead
from two upland plateaus with mean elevations between
approximately 400 and 800 m a.s.l. and peaking above 1200 m
a.s.l. The geomorphology of the uplands, valleys, and Ijords on
VestfirÔir defines the Icelandic type of glacial trough (Linion,
1963). which is an area with ice accumulation on a high plateau
draining down steep ice falls into valleys that dissect Ihc plateau.
The 160 km' Drangajökull Ice Cap is located on the high plateau
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on the eastern part of Vestflröir (Björnsson, 1979), and the high
plateau of Glama on the western part of Veslfirôir does not
support a modern ice cap.
Vestfirôir is composed of Upper Tertiary flood basalts with
thin interbedded sedimentary layers (Einarsson. 1973; Kristjans-
son and Jóhannesson. 1994; Hardarson et al.. 1997), and it is
located more than 150 km from the active rift zones in Iceland
(Flovenze and Saemundsson, 1993). There are some small isolated
regions with low température hol springs, located in the lowland
coastal areas, but there are no active volcanoes on Vestfirôir
(Flovenze and Saemundsson, 1993).
SKAGI
Skagi is a northern peninsula connected to the mainland of
Iceland and is located over 50 km east of Vestirflir. It is separated
from Vestfirôir by Húnaflói, a large bay (Fig. I). A mountainous
region is located on the southern part of the peninsula, while the
northern pari of Skagi has low relief with many lakes. At least
some of the lakes on northern Skagi near the coastline are
isolation lake basins that formed as relative sea level dropped
during déglaciation (Rundgren et al.. 1997). The degiacial history
of these lakes is examined by Ingólfsson et al. (1997). Rundgren et
al. (1997). and Rundgren and Ingólfsson (1999). Skagi is
composed of Tertiary basalts and late Pleistocene basaltic rocks
(Einarsson and Albertsson, 19S8; Kristjansson and Jóhannesson.
1994). The peninsula i.s located more ihan 125 km from the active
rift zone in Iceland and does not support any active volcanoes.
MAINLAND
The mainland subregion refers to the northwest quadrant of
Iceland, north oí Langjökull and Hofsjokull and south of the
peninsulas of Vestfirôir. Skagi. and Tröllaskagi (Fig. 1). The
region studied is located more than 60 km from the active rift
zone, although the southern part of this region is the closest of the
three subregions to active volcanoes on Iceland. The bedrock
geology of the mainland consists of a mixture of Tertiary and late
Pleistocene basalts (Einarsson and Albertsson. 1988; Kristjansson
and Jóhannesson. 1994). The Snfefellsnes Peninsula was not
included in the analyses because that region is an active voleanie
area.
Methods
In order to determine patterns of glacial erosion on northwest
Iceland, a GIS was used to calculate lake density. Lake density is
used as a proxy for glacial erosion following the methods of
Sugden (1978) and Andrews el al. (1985). Sugden (1978) defined
zones of contrasting basal thermal regime under the Laurentide
Ice Sheet and implied that there should be a region of no erosion
(i.e.. no glaeially scoured lakes) underneath the position of former
ice divides. Andrews et ai. (1985) used topographic maps and
LANDSAT imagery to focus on glacial erosion in the Eastern
Canadian Arctic using lake basins and distance from coastline as a
proxy for ice thickness. Andrews et al. (1985) assumed that the ice
sheet margin was parallel to the coastline, with minimal thickness
near the coast and increasing thickness landward of the coast.
Glacial erosion studies in other regions of the Arctic show that
sometimes relict landforms from previous glaciations or young
erratics presenl on top of the bedrock complicate interpretations
of glaciation, and we take these factors into consideration in our
discussion (Kieman el al.. 1992; Kleman. 1994; Kleman and
Stroeven, 1997; Briner et al., 2003. 2005). Modeling studies on
Iceland by Hubbard et al. (2006) provide interpretations of basal
flow velocities, and Bourgeois et al. (2000) proposed ice streams
and ice divides. These previous studies on Iceland provide a
baseline for us to compare our GIS model of glacial erosion for
northwest Iceland, and our fieldwork adds ground truth to
proposed models presented in this study and by others.
We quantify the density of lake basins as a proxy for glacial
erosion on northwest Iceland using ArcGlS. The GIS analysis is
combined with geomorphic mapping on northwest Iceland to add
ground truth and provide chronologic constraints. This approach
provides an alternative methodology for evaluating glacial erosion
on northwest Iceland and assesses the scenarios proposed in ice
sheet models (Bourgeois et al.. 2000; Hubbard et al.. 2006).
GIS INPUT
The two primary sets of GIS data used in this study include
hydrographie data and topographic data (Fig. 2). Hydrographie
data for northwest Iceland was obtained from the Hydrology
Division of the Iceland National Energy Authority with permis-
sion of the Iceland Geodetic Survey (Hydrological Service.
Orkustofnun, 2003 and 2004). The delivery of hydrography dala
is from the database of the Hydrological Service. Orkustofnun,
Iceland, no. 2004/42 (Jónsdóltir, personal communication). The
projection of the data is Lambert conformai conic projection
based on the datum of WGS84, and units are in meters. The data
set includes streams, lakes, and glaciers, as well as detailed
metadata describing lake area, perimeter, and water depth. The
hydrographie data were converted into polygon shapefiles using
Ihe AreGIS Desktop Suite. The streams and glaciers were
separated from the lake basin hydrographie data because only
the lake basins are used as a proxy for glacial scour (Sugden, 1978,
Andrews et al., 1985). The hydrographie data also contained the
coastline (the boundary line between ihe land and ocean), which
was converted into its own shapefile. A digital elevation model
(DEM) for Iceland was derived from ETOPO2 from the National
Geophysical Data Center (Fig. 2). The 900 m~ cell size resolution
provides a useful estimation of topographic variation over the
study area. Broad categories of elevation are used in the analysis
to reduce errors associated with this DEM model.
GIS METHODOLOGY
The GIS analyses were completed using the ArcGIS Desktop
Suite. A grid consisting of 25 km cells was generated and clipped
to the study area. The analysis was also completed using a
100 km" grid, but the resolution of the analysis was much lower.
Thus, we focus on the 25 km' grid in order lo provide more
detailed changes in erosion patterns throughout Ihc three regions.
Lake density was calculated using two different methods: the first
sensitive to the total number of lakes and the second sensitive to
total lake area. The first method extracted a centroid of each lake
polygon, and summed the number of lake centroids within each
25 km' grid cell. The second method calculated the percent lake
area (compared to land area) for each 25 km' grid cell. The
polygon lake shapefile was converted to a raster data set with a cell
size of O.I km". This conversion allowed the percent lake area
within each 25 km~ grid cell to be calculated using the Spatial
Analyst extension of ArcGIS.
In addition to lake density, the elevation of each lake was
quantified using the ArcGIS Spatial Analyst extension. In order to
determine the relationship between elevation and the density of
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lakes, the mean elevation for e;ich 25 km" grid cell was calculated
(because the DEM was a different resolution, and all data were
converted to raster format). Summary statistics and analyses of
Pearson's Product Moment Correlation were used to evaluate the
relationship between elevation and lake density.
MAPPING AND GROUND TRUTH
Field mapping and 1:50.000 to 1:250,000 topographic maps
provide ground truth to the GIS input data. The locations of lakes
in the GIS were cross checked with topographic maps to confirm
locations and to ensure that additional lakes were not created as
an artifact of the GIS inpul data. The locations of striations and
streamlined landforms were marked in the field using a Garmin
GPS unit and entered into the GIS to identify paleo-ice flow
directions (Principato. 2003; Principato and Johnson. 2005:
Principalo ct al.. 2006). Select bedrock surfaces and moraines in
part of the study area were dated using "^Cl exposure dating to
provide terrestrial chronology of déglaciation and yield ages
ranging in age from the LGM through the Younger Dryas
{Principato et a l . 2006).
Results
ELEVATION AND SPATIAL DISTRIBUTION OF LAKES
The results for lake density calculated using the two methods
are similar, suggesting that differentiating between lake area and
number of lakes per grid cell is not an important factor in the
analyses (Fig. .1). In order to simplify the discussion of the results
and reduce redundancy, we focus on results calculated using
percent lake area per 25 km" grid cell. The lake density dala is
positively skewed, with a mean density of 1.22% lake area per grid
cell. Analysis of Ihc spatial distribution of lakes across the study
area shows at least three regions with high lake density (greater
than 8%): central Vestfiröir, the northern coast of Skagi, and the
central and northwest mainland (Fig. 3). At least some of the lakes
on the northern foreland of Skagi within 5 km of the modern
coastline are isolation lake basins and not necessarily created by
glacial erosion (Rundgren et al., 1997). Low lake densities (0-2%)
are observed in steep alpine areas in all three subregions of the
study area, in the land covered by Drangajökutl. and in additional
cells scattered throughout the study area, especially on the
northeast part of the mainland.
Unlike erosional studies of the Laurentide Ice Sheet that are
complicated by the contrasting lithotogies underlying the Lauren-
tide Ice Sheet (e.g., Davenport et al.. 2002), there are no major
lithologieal differences between areas with lakes and areas without
lakes on northwest Iceland. Iceland is composed nearly entirely of
volcanic rocks, primarily basalt (Einarsson. 1973; Einarsson and
Albertsson. 1988; Kristjansson and Jóhannesson, 1994; Hardarson
el al.. 1997).
LAKE DENSITY AND BASAL EROSION CLASSES
The most intense basal glacial erosion is interpreted from
areas with the highest density of ice scour lakes (Fig. ^). The lakes
provide evidence for shifts from cold-based to warm-based ice and
intense erosion (Boulton, 1972, 1974; Sugden. 1978; Hughes.
1987). The regions with no ice scour lakes are classified by limited
to no erosion with the exception of areas that experienced alpine
style glaciation (Ingólfsson. 1991; Principato et al., 2006) (Fig. 4).
The interpreted relationship between lake density and glacial
erosion intensity does not apply in alpine regions where the
topography and style of erosion difTer from areas overlain by ice
sheets. Based on field observations in our study region and
numerous studies from other alpine glaciated regions, Ihe alpine
areas also clearly experience intense erosion by glaciers and by
mass movements and large rock slope failure (Ballantyne. 2002;
Jarman, 2002). but these crosional processes arc noi quantified by
our GIS model. Many of the erosiona! processes in alpine regions
are also post-glacial and ongoing, and this is beyond the scope of
our study.
The relationship between erosion classes and ice divides over
Ihc study area differs from studies of the Laurentide Ice Sheet in
the Canadian Arctic (Sugden, 1978; Andrews et al., 1985). In the
Canadian Arctic. Sugden (1978) and Andrews et al. (1985)
suggested that a zone of low lake density and less intense glacial
erosion arc present beneath former ice divides. On Vestfiröir. by
contrast, the areas interpreted as ice divides by Bourgeois et al.
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FIGIIRE 3. Results from the
GIS analyses. (A) Lake density
expressed as percent take area per
25 km'' grid cell with erosion
classes labeled. Zero lakes refers
to zones of no erosion or alpine
areas that experience erosion not
quantified hy the GIS model {see
Fig. 4). (B) Lake density ex-
pressed as numher of lakes per
25 km^ grid celL
A)
alpine lüpognphy (modified Irom
Inguifsson. I**")! and Principalo
el fli., 2ÍX»)
nUthissIudyi
HGURE 4. (A) Areas of alpine
style glaciation and striation mea-
surements (modified from Ingolfs-
son. 1991, and Principato et al.,
2006). High topographic features
in the alpine regions are areas that
could have been ice-free or coh-
ered hy cold-hased ice during the
LGM. (B) Vie» of the hedrock
ridge (arete) on the western HÚ-
naflói coast hetween two fjords.
(C) View from striated bedrock
looking north towards Húnafiói,
with a Brunton compass for scale.
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TABLE 1
Statistical results showing the relationship between lake density and elevation calculated nsin ;^ Pearson's Product Moment Correlation.
l.ccatinn Elevutitm (m) Siimple .si/.e
N'estfirdir
Muinlund
Number of lakes (per 25 km' grid cell)
Number of lakes (per 25 km' grid cell)
Number of lakes (per 25 km" grid cell)
0.433*'
-Ü.186
- 0 - 3 7 3 "
471
102
560
Correlation iii significant at ihe <).()5 level.
(2000) arc based on topography and are areas of high take density
on upland plateau surfaces. On the mainland, areas of high lake
density atso overlap with parts of the ice divides proposed by
Bourgeois et al. (2000), but the overtap is not as complete as on
VestHrôir. DitTerences between ice divides identified on the
mainland by various authors reflect differences in the criteria
used (Einarsson and Albertsson, 1988: Bourgeois et al., 1998;
Bourgeois et al., 2000; Principalo and Johnson, 2005).
GEOMORPHIC MAPPING
Steep peaks and ridges, interpreted as horns and arêtes,
dominate the landscape of the western Húnaflói coastal region,
which is adjacent to a high uptand plateau further intand on
Vestfiröir. In contrast, wide valleys, ice sculpted bedrock, and
thick deposits of diamicton, are present on parts of the southern
Húnaflói coasta! region, and large scale lineations are visible from
aerial photographs and satellite images (Principato and Johnson,
2005). The dramatic geomorphic differences evident on the
mainland, south of Húnaflói, as compared with Vestfiröir, west
of Húnaflói. suggest different styles of glaciation modified eaeh
region. Areas of alpine glaclalion are noted on both Vestfiröir and
the Skagi Peninsula (Ingótfsson. 1991; Principato ct al., 2006)
(Fig. 4). Striations are present on the upland plateau on Vestfirôir
and on topographically low bedrock surfaces on all three
subregions of the study area and provide evidence for ice flow
paths (Fig. 4) (Kaldal, 1978; Vikingsson, 1978; Principato. 2003).
STATISTICAL ANAL YSES
Bivariate correlations were computed using Pearson's Prod-
uct tVloment Correlation to test the hypothesis that there is a linear
relationship between latee density and etevation in the three
regions (Table I ). According to the statisticat results, on
Vestfiröir, there is a positive linear relationship, with lake density
increasing as a function of increasing elevation. On the mainland.
there is a weak negative correlation between tatce density and
etevation. which shows that take density decreases with increasing
elevation. There is no statistically significant correlation between
lake density and elevation on the Skagi Peninsula.
Discussion
INTERPRETATION OE EROSION CLASSES AND BASAL
FLOW REGIME
Bedrock basins and lakes associated with ice scouring
typically form subglaciatty in ttie zone where there is a transition
between cold-based and warm-based ice, and plucking occurs
(Boulton 1972. t974; Sugden. 1978; Hughes, 1987). In addition,
there are sometimes more complicated scenarios, where regions
covered by cold-based ice during the LGI^ I contain either relict
landforms from previous glaciations or young erratics present on
top of the bedrock (Kleman et al. 1992; Kleman, 1994; Kleman
and Stroeven, 1997; Briner et al., 2003, 2005). On northwest
Iceland, regions with many lakes are interpreted to be the result of
intense glacier erosion associated with former tliermal boundaries
between warm- and cold-based ice following the models proposed
for other formerly glaciated regions by Sugden ( 1978), Andrews et
al. (1985), and Rea et at. (t998) (Fig. 3). Striations and roches
moutonnées mapped during fietdwork provide evidence for pateo-
ice flow directions at these sites, and the primary ice ftow direction
is paraltet to the axes of fjords and valleys, but crossing striations
are present in at least one locality on eastern Vestfiröir
(Principato, 20(K); Principalo et at.. 2006) (Fig. 4). The ice flow
indicators also provide supporting field evidence for active
abrasion and plucking, which is normally associated with warm-
based ice (Linton, 1963; Boulton. 1979; Drewry. 1986; Dionne,
1987; Sugden et al., 1992). Areas of low lake density on northwest
Iceland are typically inferred to represent areas that were either ice
free or eovered by cold-based or non-erosive ice during the LGM.
The presence of glacial erratics on part of the upland plateaus
confirms ice cover in at least some of the locations (Principato et
al.. 2006). Alpine regions exhibit low lake density. However, lake
density in the alpine areas is not considered to represent areas with
no erosion for reasons discussed earlier. In addition. -"'Cl exposure
age dating suggests that at least some of the alpine areas were ice-
free and/or covered by cold-based ice during the LGM (Prineipato
et at.. 2006).
Tbe geothermal gradient is relatively high under Iceland
(Ftovenze and Saemundsson. t993), and this ptays a rote in glacial
sliding in at least some parts of Iceland (Bourgeois et at., 1998,
2(K)0). The geothermal gradient is highest near the active volcanic
rift zone and decreases with distance from the spreading axis
(Flovenze and Saemundsson, 1993). The northwest quadrant of
Iceland does not experience active volcanic activity and did not
experience volcanic activity during the LGtVl. The GIS analyses
demonstrate that there is no relationship between the location of
takes and the minor geothermal activity on northwest Icetand.
In addition to differences in lake density across the study
area, there are other large scale geomorphic differences. The
presence of horns and aretes on parts of Vestfiröir and Skagi
suggests that nunataks were present at least on ihe northern and
northwestern peninsulas of Iceland during the LGM (Rundgren
and Ingótfsson. t999; Principato et al.. 2003, 2006; Prineipato and
Johnson, 2005; Hubbard et at., 2006). In contrast, the area south
of Húnaftói on the maintand is dominated by wide valteys and
rounded uptands covered by thin tilt, atthough some alpine
features are present on the northern Hvammstangi peninsula
(Principato and Johnson. 2005). The landscape adjacent to
southern Húnaflói contains ice molded bedrock, targe scate
tineations, and striated surfaces that indicate there was a targe
ice flux and possible an ice stream through Húnaflói, as suggested
by Bourgeois et al. (2000) and Andrews and Hclgadóttir (2003).
Based on geomorphic mapping and eosmogenic isotope exposure
ages on Vestfiröir (Principato et at.. 2006). the ice extent is inferred
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FIGURE 5. Ice divides and ice flow paths (modified from
Bourgeois et al.. 2000; Prineipato et al., 2006).
to be more restricted on eastern Vestfiröir while ice flowing from
the mainland through southern Húnaflói was more extensive.
LOCATION OF ICE DIVIDES
The location of presumed ice scour lakes on ihe uplands of
VcstHröir underneath an ice divide proposed by Bourgeois et al.
(2000) is perplexing (Fig. 5). The model by Bourgeois et al. (2000)
is based primarily on topographic controls with ice divides located
on topographic highs with channeling of ice by the major valleys
and ijord systems, However, this region experienced multiple
glaciations during the Pleistocene (Einksson and Geirsdóttir.
1991; Geirsdóttir and Eiriksson, 1994), and it is possible that at
some time during the Pleistocene the ice was thick enough to scour
these surfaces and flow independent of the underlying valleys. It is
likely that warm-based ice was present on the upland surfaces at
some time during the Pleistocene. The striations adjacent to lake
basins at approximately 450 m a.s.l. on eastern Vestfiröir
(Principato and Johnson. 2005; Principato et al., 2006) demon-
strate that iee scour occurred on the uplands al least on eastern
Vesttlröir. Although we interpret that the origin of lakes is from
ice scour based on field and aerial photograph evidence and by
eliminating other possible causes for the origin of the lakes, if our
interpretations arc incorrect then another possible scenario is that
the lakes on the uplands originated from non-glacial processes and
have been overrun and only lightly modified by ice. It is also
possible that ice scour occurred beneath ice divides in this
topographic setting or that the proposed ice divide locations are
incorrect. In order to fully understand the relationship between
lakes on uplands and proposed ice divide locations, additional
fieldwork and cosmogenic isotope exposure dating is needed to
determine the timing of ice scour on these surfaces and determine
rates of erosion on the upland plateau.
IMPLICATIONS FOR INDEPENDENT ICE SHEETS
The results of this study provide at least three lines of
evidence that support the interpretation of two independent ice
sheets on northwest Iceland during the LGM: one on Vestfiröir
and one on the mainland of Iceland (Hoppe, 1982; Norödahl,
1991). First, there are different patterns of glacial erosion on the
mainland that contrast with VestfirÔir, suggesting that the
different ice sheet configurations impacted each region uniquely.
Second, the narrow neck that connects Vestfiröir to the mainland
contains minimal to no lakes (0-2%). The lack of ice scour lakes
on the neck region suggests that there was minimal basal glacial
erosion, which could be interpreted as an ice-free region or an area
covered by cold-based ice. (However, steep slopes in some coastal
regions of the neck inhibit lake development.) Third, geomorphic
mapping and a cosmogenic isotope exposure date provide
evidence that parts of Vestfiröir were ice-free or covered by
cold-based ice during the LGM and limit the timing of potential
coalescence of ice from VestfirÖlr and the mainland in Húnallói to
before 24 ka B.P. (Principato et al., 2006). Previous work on
Hornstrandir on the northern tip of Vestfiröir by Hjort et al.
(1985) and on eastern Vestfiröir by Principato et al. (2006) sug-
gest limited ice extent on VestfirÖir. while marine core studies
suggest that extensive ice filled Húnaflói and flowed towards
the shelf break (Andrews et al.. 2000; Andrews and Helgadóttir,
2003). The contrasting scenarios of ice extent from Vestfiröir
and the mainland support the interpretation that an independent
ice cap covered Vestfiröir, while the mainland of Iceland was
covered by a larger ice sheet. However, it is also possible that the
ice on Vestfiröir was thicker and more extensive when the ice scour
lakes were created, and then more restricted during the LGM.
Increased dating control and provenance studies arc needed to
determine the extent and timing of the coalescence of the two ice
sheets in Húnafiói and to further constrain the timing of
déglaciation.
Previous work on Skagi by Rundgren and Ingólfsson (1999)
suggests the presence of ice-free regions, and alpine style glaciation
is documented on Skagi (Ingólfsson. 1991). Limited ice fiux from
both Skagi and Vestfiröir requires that a larger proportion of the
ice discharging into Húnafiói originated from ihc mainland of
Iceland. The pattern of ice scour lakes and the wide valleys with
striated and ice sculpted bedrock south of Húnafiói support the
scenario ihat increased ice fiux from the mainland extended to the
glacial margin identified from marine core studies (Andrews et al.,
2000; Andrews and Hctgadóttir, 2003). If the ice feeding the shelf
was derived primarily from the mainland Icelandic ice sheet, then
it is possible that during the LGM an independent ice cap with a
more restricted extent covered Vestfiröir. Increased dating control
on bedrock surfaces from the three subregions of this study are
required in order to provide additional chronologic constraints to
the extent of iee cover and the patterns of glacial erosion over the
study area during the LGM. However, even without increased
chronologic constraints, the GIS analyses provide important clues
to the reconstruction of ice covering the study area by identifying
patterns of glacial erosion.
NORTH ATEANTIC REGIONAL IMPORTANCE
Sediments in marine cores recovered several degrees of
latitude south of leeland arc inlerprclcd to have originated from
Iceland, and the cores record several episodes of increased iceberg
discharge from Iceland during the late Quaternary (Bond and
Lotti, 1995; Elliot et al., 1998). A better understanding of the
dynamics and configuration of ice on northwest Iceland helps
determine the potential contributions of Icelandic glacial ice to the
North Atlantic and provides subglacial boundary conditions for
ice sheet models. The GIS and geomorphic results from this study
provide terrestrial evidence for a large ice flux derived from
southern Húnafiói, and support the model of at least one ice
stream proposed by Bourgeois et al. (2000). The results of this
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study also suggest that reconstruction of ice cover on northwest
Iceland with one large, inundating iee sheet is an oversimpliflca-
lion. Because Ihe ice covering northwest Iceland responds to
changes in climate in the North Atlantic region, the ice
configuration and patterns of glacial erosion are not simple
localized signals of past climate fluctuations. They provide
important information and ground truth for ice sheet models
and paleoclimate reconstructions.
Conclusions
This study presents the first GIS analysis of glacial erosion
patterns on northwest Iceland wilh ihe intensity of erosion
interpreted from the density of ice scour lakes. The areas with
the highest density of ice scour lakes are located on the upland
plateau of Vestfirôir, the west-central mainland of Iceland, and the
northern part of Skagi (although some lakes adjacent to the coast
on Skagi are isolation basins). On Vestfiröir. the region of high
lake density overlaps with the location of inferred former ice
divides (Bourgeois et al.. 2000). which diíTers from patterns
reported from the Laurentide Ice Sheet (Sugden. 1978: Andrews el
al., 198.S). The patterns of glaeial erosion provide evidence for two
independent ice sheets: one on Vestfiröir and one on the mainland
of Iceland. Areas of alpine glaciation and the presence of nunataks
support interpretations that ice-free regions or cold-based iee
cover existed on parts of Iceland during the LGM.
Measuring the density of ice scour lakes provides a low cost
and efficient method for interpreting paleo-subglacial conditions
and provides important information required lo understand past
ice sheet configuration. The methods developed in this study lo
quantify ihe density of ice scour lakes and interpret glacial erosion
are broadly applicable and could be used in other formerly
glaciated regions. In addition, zones of glacial erosion provide
important boundary conditions for glaciological models.
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